Compressive membrane action often exists in the deck of reinforced concrete beam-and-slab 
INTRODUCTION
Currently, methods that are commonly used in the strength assessment of reinforced concrete slabs where horizontal translational restraint is present underestimate the slab's failure load because the beneficial effects of compressive membrane (or arching) action are not taken into account. Compressive membrane action exists in the slabs of typical reinforced concrete beam-and-slab bridge decks, significantly increasing the slab's stiffness and strength in both flexure and punching shear.
The existence of compressive membrane action in horizontally restrained reinforced concrete slabs is well accepted by researchers and many previous investigations have been carried out in this area. Ockleston 1,2 was one of the earliest researchers to examine the behavior of slabs under compressive membrane action. Ockleston load-tested a number of slabs in a reinforced concrete building in South Africa 1 and found that their strength was significantly higher than expected. In a later paper, 2 Ockleston attributed this strength enhancement to the existence of compressive membrane action.
Wood 3 and Park [4] [5] [6] were two of the earliest researchers to develop analytical methods to assess the strength of reinforced concrete slabs where compressive membrane action exists. A paper by Braestrup 7 provides an historical review of the analyses that have been developed by numerous researchers investigating this phenomenon. The theoretical formulations have generally been based on the plasticity theory. Because of the complexity of this approach, many assumptions and simplifications have been required in those analyses. For example, many of the analyses have assumed rigid-plastic concrete behavior and rigid horizontal translational restraint. This led to formulations that, while being fundamentally and theoretically important, did not provide accurate predictions of the strength and loading behavior of reinforced concrete slabs under compressive membrane action. Because of this, simplified methods, such as those by Kirkpatrick, Rankin, and Long, 8 Rankin and Long, 9 Eyre, 10 and Taylor, Rankin, and Cleland 11 have recently been developed. To use these methods in practical situations, however, knowledge of the surround stiffness that exists for the slab in real structures is required, and Eyre stated in his paper 10 that further research was needed to provide reliable information in this area. Taylor, Rankin, and Cleland 12 also recognized the importance of the surround stiffness that exists for the slab.
The Ontario Highway Bridge Design Code 13 (OHBDC) provides an empirical slab design method based on compressive membrane action. The method is based on studies 14, 15 that showed significant levels of compressive membrane action in typical bridge deck slabs. Decks that meet certain conditions relating to the properties of the deck slab and the surrounding girders can be designed with a lower quantity of steel reinforcement than would be calculated using normal flexural methods. The research findings have been verified through full-scale field tests. [16] [17] [18] In addition, research in Canada concerning steel-concrete composite bridge decks 19, 20 has also recognized the benefits of compressive membrane action. This paper presents a design method for assessing the restraint stiffness that exists in typical beam-and-slab bridge decks and the strength enhancement due to compressive membrane action. It has been developed through an experimental program and the use of nonlinear finite element analysis. The horizontal translational restraint stiffness is approximated from linear-elastic beam models and is then used in the method derived by Rankin and Long 9 to assess the strength of slabs where compressive membrane action exists.
The research in this paper is part of a larger investigation into the strength of reinforced concrete T-beam bridges that has been carried out at Monash University, Australia. More information concerning this research can be seen in Taplin et al. 21 and Hon, Taplin, and Al-Mahaidi. 22, 23 
RESEARCH SIGNIFICANCE
The strength of a reinforced concrete beam-and-slab bridge deck is commonly underestimated because compressive membrane action often exists in these decks but is usually not considered when assessing their strength. Its existence can result in the slab having a higher strength and stiffness Title no. 102-S39
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by Alan Hon, Geoff Taplin, and Riadh S. Al-Mahaidi than that determined using either normal flexural theory or common punching shear theories. [24] [25] [26] This paper details a practical design approach to account for the enhancing effects of compressive action. The implementation of methods such as this can result in more efficient design of reinforced concrete slabs. Also, bridge deck slabs previously assessed as being deficient in strength may be shown to have adequate load-carrying capacity, reducing the need for strengthening and/or replacement of these slabs.
COMPRESSIVE MEMBRANE ACTION
There are two requirements for compressive membrane action to develop in a reinforced concrete slab. First, some form of horizontal translational restraint must exist for the slab. In the case of a beam-and-slab bridge deck, this consists of the longitudinal beams, the adjacent slabs, and the surrounding slab area. The other condition is related to the strain compatibility along the length of the slab, in that the net tensile strain along a longitudinal fiber must be non-zero if there is no horizontal restraint. The presence of a rigid horizontal restraint (at the depth of a longitudinal fiber that would have had non-zero net tensile strain) forces the strain back to zero, which induces membrane forces in the slab. If the restraint is less than rigid, the net longitudinal strain will not be zero and a lesser amount of membrane action will develop in the slab. These requirements are illustrated in Fig. 1 , which shows a cross section of a beam-and-slab bridge deck. Compressive membrane action develops transversely in the slab because cracks develop at midspan and at the slab ends. This causes an extension in the longitudinal fibers of the slab, which is restricted by the horizontal restraint. In this case, the concrete in the surrounding beams and adjacent slabs provides the horizontal restraint. Therefore, the two conditions necessary for compressive membrane action to develop are satisfied. Descriptions of the load-deflection behavior of slabs under compressive membrane action can be seen in numerous papers (for example, Park 4 ).
EXPERIMENTAL INVESTIGATION
An experimental program was carried out to investigate the behavior of beam-and-slab bridge decks under various boundary conditions. A typical specimen is shown in Fig. 2 . It consisted of a slab with a transverse span of 600 mm and a depth of 75 mm. The slab in each specimen was designed to be identical so that the effects of the boundary conditions could be properly evaluated. The longitudinal edge beam span of all of the specimens was 3000 mm.
The boundary conditions consisted of edge beams of varying widths, and transverse end diaphragms. The depth of all of the edge beams was 305 mm, while the end diaphragms extended across the width of the specimen and were 405 mm deep and 200 mm wide. A small gap was formed between the slab and the diaphragm (Fig. 2) to ensure that the slab spanned in one-way action. Some specimens had an adjacent slab on the other side of the edge beam, which can also be seen in Fig. 2 . The purpose of the adjacent slab was to increase the horizontal translational restraint stiffness that existed for the loaded slab. All of the adjacent slabs had a width of 300 mm and a depth of 75 mm. The dimensions and properties of the specimens are detailed in Fig. 3 .
The slab reinforcement consisted of 6 mm-diameter plain bars at a spacing of 75 mm in both the longitudinal and transverse directions. Two layers of the mesh (at 15 mm depth and 60 mm depth) were placed in the slab. The average yield stress of the slab reinforcement (taken from tensile tests) was approximately 660 MPa. The edge beams and diaphragms were heavily reinforced to ensure failure occurred in the slab, rather than in the surrounds. The mean concrete cylinder strength varied between specimens and is also presented in Fig. 3 .
Instrumentation used in the experiments consisted of the following:
1. Load cells to measure the applied load and the vertical reactions at the supports; 2. Linear variable displacement transducers (LVDTs) to measure vertical displacements, as well as the horizontal displacements (and hence twists) in the edge beams; and 3. Strain gauges on the steel reinforcement and on the concrete surface to measure the strain at various locations in the specimen. Two types of tests were performed: tests where the slab failed as a result of punching shear, and tests where the slab failed as a result of flexure (due to saw cuts). For Specimens S2, S3, S4, and S5, punching shear failure tests were first performed at midspan then at quarter-span at one end of the specimen. Two 300 mm-wide one-way slab strips were then formed at the other end of the specimen by making saw cuts through the slab (Fig. 3) . When loaded across their width, these strips exhibited a flexural failure. For Specimen S1, no punching shear failure tests were carried out. Instead, seven 300 mm-wide slab strips were cut (Fig. 3) . The restraint stiffness that existed for each slab strip varied depending on the longitudinal position of the strip. Figure 3 also shows the location of the loaded area in each of the tests. The positions of the loaded areas in Specimens S3, S4, and S5 were the same as for Specimen S2. The punching shear failure tests were designated S2, S2b, S3, S3b, S4, S4b, S5, and S5b. The flexural failure tests were designated S1Fa, S2Fb, S1Fc, S1Fd, S1Fe, S1Ff, S1Fg, S2Fa, S2Fb, S3Fa, S3Fb, S4Fa, S4Fb, S5Fa, and S5Fb. A total of eight punching shear failure tests and 15 flexural failure tests were carried out.
The specimens were supported at their corners. The supports allowed both rotation and horizontal translation. The load was applied through a hydraulic jack under displacement control. For the punching shear failure tests, a loading plate of 200 x 100 mm was used (with the shorter length in the transverse direction). For the flexural failure tests, the slab strip was loaded across its entire 300 mm width, over a length of 50 mm.
EXPERIMENTAL RESULTS

Punching shear failure tests
All of the punching shear failure tests behaved in a similar manner. In general, the following pattern of behavior could be seen in all of the tests:
• Development of flexural cracks in the slab, first at midspan (with respect to the transverse direction) on the underside of the slab, then at the beam-slab interface on the top surface; • Development of a yield-line pattern on the bottom surface of the slab; • Development of flexural cracks in the edge beam; • During the tests, LVDT measurements indicated the edge beams were twisting, and were bending in the horizontal direction; and • A brittle punching failure occurred in the slab, with a sudden drop off in load.
A typical load-displacement curve for one of the punching shear failure tests (S2) is shown in Fig. 4 . It can be seen that there was a gradual decrease in stiffness as cracks developed in the specimen, before the slab failed in a brittle manner. A summary of the ultimate loads obtained from the punching shear failure tests can be seen in Table 1 . It can be seen that the ultimate loads obtained from the experiments were on average over 50% greater than those predicted by Australian 27 and American 28 design codes (the equations used in these design codes are given in the Appendixes * ).
Fig. 3-Plan view of specimens, showing specimen details and location of loaded areas for each test.
Fig. 4-Typical load-displacement curve from punching shear failure tests (Test S2) and flexural failure tests (Test S2Fa).
*Appendixes available on ACI's website, www.concrete.org. This indicates that the boundary conditions that the slabs were exposed to cause a significant enhancement in the strength of the slabs. As with all punching failure tests, however, there was significant scatter in the results. Table 1 also presents the punching shear failure load that has been calculated using a proposed design method P design . Details of this method will be presented later in this paper.
The displacements in the slab and in the edge beam are summarized in Table 2 . It can be seen that the total vertical displacement under the load point at the peak load was always greater for the test at midspan than the test at quarterspan of the same specimen. This is obviously due to the increased bending stiffness of a structure loaded at quarterspan compared to the same structure loaded at midspan. However, if the displacement due to longitudinal bending (which can be approximated by the vertical displacement under the edge beam) is subtracted from the total vertical displacement, the vertical displacement of the slab itself due to transverse bending can be obtained. This is shown in Column 2 of Table 2 . It can be seen that, in general, the vertical slab displacement was smaller for the test at quarterspan than the test at midspan of the same specimen. This was likely due to the increased horizontal translational restraint stiffness that existed at quarter-span compared to midspan. This increased the amount of compressive membrane action in the slab, hence the stiffness of the slab was higher. Table  2 also summarizes the total horizontal edge beam displacements at the peak load of each test. This value is defined as the sum of the averages of the horizontal displacements in two LVDTs that were placed at the face of each edge beam in line with the loaded area (two LVDTs were placed at each edge beam so twists could be calculated). It can be seen that the total horizontal edge beam displacements were lower for the tests at quarter-span than the corresponding test at midspan. This was also likely to be due to the increased horizontal translational restraint that existed at quarter-span.
The presence of compressive membrane action in the slab during these tests is indicated by the fact that the edge beam displaced horizontally (as seen in Table 2 ), which would have been caused by the horizontal compressive membrane forces. Strain gauge readings in the surrounding slab regions also showed the presence of axial tension forces in the transverse direction, which developed to balance the compressive membrane forces near the loaded area. This can be seen in Fig. 5 , which shows the strains in gauges that were placed in the transverse direction at quarter-span at the beam-slab interface. During the test at midspan, it can be seen that, initially, there was very little strain in these gauges. At a vertical displacement of approximately 5 mm, tensile strains began to develop in these gauges. At this stage of loading, flexural cracks were also starting to develop in the slab. The development of these cracks allowed compressive membrane action to develop across the loaded area. As a result, tensile strains developed in the transverse direction in the surrounding slab area to balance the compressive membrane forces (Fig. 5) .
The influence of compressive membrane action on the behavior of the slab can also be seen in Table 2 , which presents the midspan strains in the bottom reinforcement in the transverse direction for all of the punching tests. The last column in the table indicates the level of strain that developed in the bar for each kN of load carried by the slab. It can be seen that, in general, the specimens with the adjacent slabs had less strain in the steel bar for each kN of load. This indicates that these specimens carried a smaller proportion of the load in bending and that more compressive membrane action developed in these specimens. This was because the adjacent slab increased the horizontal translational restraint stiffness, hence more compressive membrane action was able to develop in these specimens and less of the load had to be carried in bending.
Flexural failure tests
All of the flexural failure tests on the slab strips behaved in a similar manner. The general pattern of behavior is described as follows: 
Fig. 5-Slab reinforcement strains in surrounding region (gauges placed in transverse direction at quarter-span of specimen).
• Flexural cracks developed in the slab strip. These cracks ran across the entire width of the slab and developed first at bottom midspan, then on the top surface at the beam-slab interface; • Flexural cracks (due to horizontal bending) developed in the edge beam; and • The slab then failed in a ductile manner as a result of crushing of the concrete (first under the loading plate, then on the bottom surface at the beam-slab interface). A typical load-displacement curve from the flexural failure tests can be seen in Fig. 4 (S2Fa) . There was a gradual decrease in stiffness as cracks developed in the specimen, followed by a ductile failure (compare with the typical loaddisplacement curve from the punching failure tests also presented in this figure) .
The peak loads obtained from the flexural failure tests on the slab strips are summarized in Table 3 . The peak loads according to finite element analysis, the design method (which will be described later), and according to flexural theory are also shown in this table. It can be seen that, on average, the experimental failure load was 1.42 times the failure load according to flexural theory assuming fixed ends. It should be noted, however, that the ends of the slab strips were not fully restrained against rotation in the experiment. Therefore, the assumption of fixed ends overestimates the flexural capacity of the slab strips. Despite this, it can be seen that a prediction of the strength of the slab strips, based on flexural theory and ignoring the enhancing effects of compressive membrane action, leads to an underestimation of the failure load by at least 40%. The more significant strength enhancements occurred for the slab strips with higher concrete strength because the compressive membrane mechanism is reliant on the strength of the concrete. A comparison of the peak loads of strips in Specimen S1 also shows that the enhancement was greater for strips near the ends of the specimen, and decreased as the strips moved closer to midspan. This was because of the increased horizontal translational restraint stiffness that existed near the specimen ends, compared to at specimen midspan.
The total horizontal edge beam displacements at peak load in the flexural failure tests are summarized in Table 4 . It can be seen in the strips in Specimen S1 that the horizontal displacement at the peak load in the middle strip (S1Fd) was approximately twice that in the end strips. This is an indication of the increased horizontal translational stiffness that exists closer to the end than at midspan. It can also be seen in Table 4 that in Specimens S2, S3, S4, and S5, the 'a' strip (closer to the diaphragm) had smaller horizontal displacements than the 'b' strip.
The proportion of load carried in bending compared to that carried in compressive membrane action cannot be calculated exactly from the experimental results. The strain in the bottom steel, however, gives an indication of the load carried in bending. When these strain values are compared between specimens at corresponding loads, it can be seen how much load is carried by bending in each strip, relative to other strips. This gives an indication of the load carried in compressive membrane action in each slab strip. Table 4 also compares the strain in the bottom steel at midspan for each slab strip at a load of 50 kN. The gauge in Strip S1Fe was already damaged before 50 kN was reached, so a strain value could not be obtained from this test. A load of 50 kN was chosen because flexural cracks had developed at both midspan and at the beam-slab interface in all of the slab strips at this load level. Hence, compressive membrane action had developed in the strips. From Table 4 , it can be seen that: • Comparing Strips S1Fa, S1Fd, and S1Fg, the strain in the bottom steel in the middle strip (S1Fd) was close to 50% higher than the end strips. This indicates that in the middle strip a much larger proportion of the load was carried in bending than in the other strips; and • The tests on strips in Specimens S4 and S5 showed that at corresponding loads, the strain in the bottom steel was similar, irrespective of the position of the strip. This was not so much the case for Specimens S2 and S3, which did not have adjacent slabs. This indicates that an adjacent slab provided near rigid restraint to the loaded strip, irrespective of the strip's position along the specimen. Therefore, the position of the strip did not have as great an influence on the development of compressive membrane action as when there was no adjacent slab.
Summary of experimental results
The results show that the strength of the slab in both flexure and punching shear was enhanced by the presence of the edge beams, adjacent slabs, and the surrounding concrete slab area. These components allowed the development of compressive membrane action in the slab, enhancing its strength and stiffness. The presence of compressive membrane action was indicated by the horizontal displacements in the edge beam and the strain gauge readings in the surrounding concrete area.
ANALYTICAL INVESTIGATION Design method
To determine the compressive membrane capacity of the slabs, the method derived by Rankin and Long 9 has been used. To use this method, however, an estimation of the horizontal translational restraint stiffness that exists for the slab has to be determined. This was done by creating a beam model of the slab/beam system, then carrying out a linear-elastic analysis of the model. This approach to determine the compressive membrane capacity is referred to as the design method. Figure 6 shows the components of the slab/beam system that contribute to the horizontal translational restraint stiffness. The various factors are described as follows:
• Axial stiffness of the surrounding slab area. This depends on the cross-sectional area and the transverse span of the deck, as well as the elastic modulus of the slab material and the extent of cracking; • Horizontal bending stiffness of the edge beam. The horizontal bending stiffness of the edge beam depends on its dimensions. For horizontal bending, the width of the edge beam is more important than the depth. The span of the edge beam, the presence of an adjacent slab, the modulus of elasticity, and the extent of cracking of the edge beam material will also affect its bending stiffness; and • The location of the loaded area (where the compressive membrane forces are acting) also affects the horizontal translational restraint stiffness. The lowest restraint stiffness would occur if the loaded area was at midspan. This increases as the loaded area moves toward the ends of the specimen. The behavior described in Fig. 6 can be simplified to the model shown in Fig. 7 . The axial stiffness of the surrounding slab is modeled as a number of springs, with the stiffness of each spring dependent on the width of the slab deck that each spring is modeling. For the models described in this paper, each spring has been assumed to model a slab width of 100 mm.
The edge beam members were given the dimensions of the actual edge beam and adjacent slab (if it existed). The ends of the edge beam were assumed to be fully fixed against displacement and rotation. This is a reasonable assumption given the existence of transverse diaphragms in the deck. A unit load (in the horizontal direction) was then applied to the edge beam and the displacement was obtained using a linearelastic analysis of the beam model. From this, the horizontal translational restraint stiffness could be determined.
This method for determining the horizontal translational restraint stiffness assumes the surrounds remained in the elastic region. Also, the steel reinforcement was not taken into account. Once cracks develop in the specimen, however, the horizontal translational restraint stiffness is reduced and the steel reinforcement begins to contribute more to the specimen's behavior. The extent to which cracking reduces the horizontal translational restraint stiffness is very difficult to determine and there are many factors that would have to be taken into account. Because of this, and the fact that reasonable predictions have been made when the full elastic stiffness was used, it was deemed appropriate to ignore any nonlinear effects in the calculation of the translational restraint stiffness. In structural design, the uncracked gross section properties are often used in analysis, and linear elastic behavior is assumed. This design method is consistent with that simplified approach.
Once the translational restraint stiffness has been determined using this method, the strength of the slab due to compressive membrane action can be calculated using the method developed by Rankin and Long. 9 In this method, the geometry of a vertically loaded slab with rigid restraints is used to determine the stress distributions at midspan and at the slab ends. Knowing this, as well as the lever arm between the resultants of the stress distributions, the moment due to arching can be calculated. From this, the load due to arching can be determined. To take into account the translational restraint stiffness, Rankin and Long used a "three hinge arch analogy" and showed that the load-deformation response of an elastically restrained arch was the same as a rigidly restrained arch, provided the length of the arch legs was slightly altered. The interaction between bending and compressive membrane action was taken into account by reducing the amount of concrete that was available to carry the compressive membrane forces. Further details of this method are given in Rankin and Long, 9 while the equations used in this method can be seen in the sample calculations in the Appendixes. * For punching shear failures, the procedure is slightly different and was described in Kirkpatrick, Rankin, and Long. 8 In this procedure, the arching moment is converted into an effective reinforcement ratio ρ e , which is then used to calculate the punching shear capacity. Equations for this method are also shown in the sample calculations in the Appendixes, * with further detail given in Kirkpatrick, Rankin, and Long. 8 For the slab strips, a component of the failure load was due to flexure. Because of the torsional stiffness of the edge beams, a certain amount of rotational restraint existed at the ends of the slab. This was taken into account when determining the flexural strength of the slab. Values were calculated for the translational and rotational restraint stiffnesses of the experimental slabs using the design method. These values are given in Table 5 .
Finite element modeling
To compare with the results obtained from the design method, a series of nonlinear finite element models were created to reproduce the behavior of the slab strips. The punching failures have not been modeled using this approach. A finite element code 29 was used for the analyses.
To account for the restraint stiffness (rotational and horizontal translational), linear springs were placed at the ends of the slab. The translational spring was placed at the bottom surface because this is consistent with the location of the compressive membrane force at the slab end (Fig. 1) , while the rotational spring was placed at mid-depth.
The mesh used is shown in Fig. 8 . The stiffnesses of the springs were the same as those used in the design method. Plane stress elements were used in the analysis. Because plane stress elements do not have a rotational degree of freedom, however, a very stiff beam element had to be placed at the end of the slab, through which the torsional restraint was applied. The Drucker-Prager yield criterion was adopted for the concrete in compression. Cracking was modeled using a smeared crack approach, with a linear tension softening model adopted for the cracked concrete.
COMPARSION BETWEEN EXPERIMENTAL AND ANALYTICAL RESULTS Punching shear failures
The results of the design method are compared to the experimental results in Table 1 and compared graphically in Fig. 9 . It can be seen that the design method produces a significantly better estimate of the punching strength than code predictions. 27, 28 The mean value of P exp /P design was 0.98 compared to 1.51 for P exp /P AS3600 and 1.53 for P exp /P ACI 318 . The scatter of the results, measured using the standard deviation, gave similar values for all methods. This was likely due to the inherent unpredictability of punching shear failures. These results indicate that a theory that includes the effects of *Appendixes available on ACI's website, www.concrete.org. compressive membrane action is likely to give a more accurate prediction of the punching shear strength of the experimental slabs, than methods that ignore its effects. Table 6 compares the punching shear failure load calculated using the design method (taking into account the translational restraint stiffness) with the punching shear failure load calculated using the design method assuming the horizontal translational restraints were rigid. According to the calculations, it can be seen that the restraints were sufficiently stiff to allow at least 87% of the rigid restraint punching load to be attained in all specimens. This indicates that a significant amount of compressive membrane action developed in these slabs.
Flexural failures
The results of the three methods (experimental, design method, and finite element modeling) are shown in Table 3 , together with the strengths calculated using the flexural theory. The results are compared graphically in Fig. 10 . It is evident that good correlation exists between the failure loads obtained from the finite element analyses and from the design method. Further, the trends seen in the experimental failure loads can also be seen in the finite element analyses and the design method. For example, the lower failure loads when the slab strip is closer to midspan can be seen in the results. In general, it can be seen that the failure loads obtained from the three methods compare reasonably well, while the flexural theory underestimates the strength of the slabs. The ratio of experimental strength to flexural capacity was found to vary from 1.13 to 2.07. Table 6 compares the theoretical load carried due to compressive membrane action by each of the slab strips with the theoretical load carried if the horizontal translational restraint were rigid. It can be seen that in all of the slab strips at least 76% of the maximum possible compressive membrane capacity was achieved. It can also be seen in Table 6 that the maximum load carried due to compressive membrane action is greatly dependent on the concrete strength (compare the rigid restraint compressive membrane action loads for Specimens S3 [ f cm = 22.2 MPa] and S4 [ f cm = 38.0 MPa]). This difference is significantly greater than the difference in flexural capacity of strips from the two specimens.
CONCLUSIONS
Based on the results of this study, the following conclusions can be drawn:
1. The load-carrying capacity of slabs, in both flexure and punching shear, is significantly enhanced by the presence of compressive membrane action. In the slabs that were tested in this experimental program, the flexural failure load in some cases was over twice that obtained using flexural theory. For the punching shear failure tests, the experimental 3. Estimates of the rotational restraint stiffness and the horizontal translational restraint stiffness can be obtained using linear-elastic analyses of suitable beam models, and this was found to give good predictions of the failure load;
4. The slabs in the experimental program were found to develop a significant amount of compressive membrane action. For the tests on the slab strips, at least 76% of the theoretical maximum compressive membrane capacity was achieved in all of the slabs. The theoretical punching shear capacities were at least 87% of the theoretical rigid restraint punching capacity; and 5. The results indicate that a significant amount of compressive membrane action can be expected to develop transversely in the slabs of actual beam-and-slab bridge decks. The stiffness and strength of the slabs can then be expected to be significantly higher than that predicted using methods that do not incorporate the enhancing effects of compressive membrane action.
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